Thermotaxis is important for animal survival, but the molecular identities of temperature sensors controlling this behavior have not been determined. We demonstrate dTRPA1, a heat-activated Transient Receptor Potential (TRP) family ion channel, is essential for thermotaxis in Drosophila. dTrpA1 knockdown eliminates avoidance of elevated temperatures along a thermal gradient. We observe dTRPA1 expression in cells without previously ascribed roles in thermosensation and implicate dTRPA1-expressing neurons in mediating thermotaxis. Our data suggest that thermotaxis relies upon neurons and molecules distinct from those required for high-temperature nociception. We propose dTRPA1 may control thermotaxis by sensing environmental temperature.
Animals exhibit strong behavioral responses to temperature, and many are able to thermotax, undergoing directed migration guided by differences in temperature. Central to thermotaxis are the abilities to sense environmental temperature and to execute the appropriate behavioral response. Animal thermotaxis has been studied most extensively in the nematode Caenorhabditis elegans, where ablation studies have defined the neuronal circuitry involved in thermotactic behavior and molecular genetic studies have identified several molecules required for the development and function of the thermosensory system (Mori 1999) . However, the molecular identity of the thermal sensors themselves has remained unknown. Larvae and adults of the fruit fly Drosophila melanogaster also exhibit strong thermotactic behaviors (Sayeed and Benzer 1996; Zars 2001; Liu et al. 2003) . No regulators of Drosophila thermotaxis have been identified at the molecular level, and little is known of the neural circuitry that controls thermotaxis, aside from a small group of terminal organ neurons involved in larval cold avoidance (Liu et al. 2003) .
Several classes of molecules have been implicated in potentially mediating temperature sensation and could be involved in thermotaxis. The two-pore-domain K + -channel TREK-1 (Maingret et al. 2000) and members of the DEG/EnaC-family of Na + channels (Askwith et al. 2001 ) are regulated by temperature in cultured cells, while mice lacking the ATP-gated cation channel P2X3 are defective for electrophysiological responses to moderate warmth (32°C-45°C) (Souslova et al. 2000) . In addition, several members of the Transient Receptor Potential (TRP) family of ion channels have been shown to act as temperature-responsive ion channels in heterologous cells (Jordt et al. 2003; Patapoutian et al. 2003) , and mice lacking one of these proteins, the heat-activated TRPV1, have been shown to be defective in a withdrawal response to noxious high temperature as well as thermal hyperalgesia upon inflammation (Caterina et al. 2000; Davis et al. 2000) . While the mouse, C. elegans, and Drosophila melanogaster genomes all encode two-pore-domain K + channels, DEG/EnaC proteins, and TRP proteins, it has not been established whether any of these molecules play important roles in thermotaxis.
The temperature-responsive TRPs (TRPV1-V4, TRPM8, and TRPA1) have been dubbed thermoTRPs and include members of three distinct families of TRP channels: TRPV, TRPM, and TRPA (Jordt et al. 2003; Patapoutian et al. 2003) . The Drosophila genome encodes two TRPV family members, one TRPM, and four TRPAs. Of these proteins, functions have been described for the TRPVs Inactive and Nanchung, which act together in hearing (Kim et al. 2003; Gong et al. 2004) , and the TRPA Painless, which mediates larval nociceptive responses to high-temperature mechanical stimulation (Tracey et al. 2003) . One Drosophila TRP protein has been shown to function as a temperature-responsive ion channel in heterologous cells (i.e., is a thermoTRP), dTRPA1 (formerly dANKTM1) . dTRPA1 is the Drosophila ortholog of the single mammalian TRPA protein TRPA1, and dTRPA1 opens in response to warming . However, the in vivo function of dTRPA1 (and of its mammalian ortholog) in thermosensory behavior has not been explored.
Here we develop a novel RNAi-based strategy for studying thermotactic behavior and use this approach to demonstrate that the warmth-activated ion channel dTRPA1 is essential for thermotaxis. We proceed to identify a novel group of dTRPA1-expressing neurons in the CNS that appear important for thermotactic behavior, and find that the proteins and neurons essential for thermotaxis differ from those previously implicated in high-temperature nociceptive behavior. This work identifies a candidate environmental temperature sensor for thermotaxis and provides a cellular and molecular starting point for the dissection of thermoTRP signaling and thermotaxis in Drosophila. In addition, the RNAi-based strategy described here should be applicable to the study of other behaviors in Drosophila.
Results and Discussion

Drosophila larvae exhibit robust thermotactic behavior
We examined Drosophila thermotactic behavior by using a thermal preference assay, placing larvae on a gradient of temperatures warmer than their optimal growth temperature (∼24°C) (Siddiqui and Barlow 1972) and allowing the larvae to migrate from the release zone of 31°C-35°C into a region of even higher temperature or a region of lower temperature (Fig. 1A) . Wild-type latefirst/early-second instar larvae rapidly migrated down the thermal gradient into the cooler zone ( Fig. 1C ; Supplementary Movie S1). Some larvae explored the warmer zone but rapidly reoriented and headed down the gradient. Larval thermotactic behavior in this thermal preference assay was quantified with an avoidance index (AI) ( Fig. 1B ; Liu et al. 2003) . Wild-type larvae achieved AI scores >0.9 within 2 min (Fig. 1B) , demonstrating strong heat avoidance.
dTrpA1 is required for thermotaxis
We devised a simple RNA interference (RNAi) strategy to survey whether any Drosophila TRPA, TRPV, or TRPM family members might contribute to larval thermotactic behavior. In this approach, embryos were injected with double-stranded RNAs (dsRNAs) corresponding to the genes of interest, and the resulting larvae were analyzed for their ability to thermotax. The injected animals contained a neuronally expressed green fluorescent protein (GFP) transgene, and dsRNA targeting GFP expression was included in all injections, serving as an internal control for a successful injection ( Fig. 2A) . Injection of a mixture of dsRNAs corresponding to the four TRPA family members strongly altered thermotaxis (AI scores of <0.3) (Fig. 2B) . In contrast, injection of dsRNAs corresponding to the TRPVs Inactive and Nanchung or the TRPM CG30078 had no detectable effect on thermotaxis (Fig. 2B) . These latter experiments served as controls demonstrating that the dsRNA injection procedure itself did not affect thermotaxis. Taken together, our data suggest that one or more Drosophila TRPA family members is required for thermotaxis.
Strikingly, RNAi of dTrpA1 alone strongly disrupted avoidance of elevated temperature. Unlike wild-type larvae, similar numbers of dTrpA1(RNAi) larvae migrated into both warmer and cooler zones, yielding AI scores near zero (Fig. 2D) , and many dTrpA1(RNAi) larvae traveled deep into the warmer area ( Fig. 2C ; Supplementary Movie S2). Injection of dsRNA against a second, nonoverlapping region of dTrpA1 also generated AI scores near zero (Fig. 2D ). dTrpA1 knockdown disrupted thermotactic behavior throughout larval life, as third instar dTrpA1(RNAi) larvae also exhibited thermotaxis defects ( Fig. 2E ). Injection of dsRNAs against the three other TrpAs had no effect on thermotaxis (Fig. 2D ). We further examined the TRPA Painless, which mediates responses to high-temperature mechanical stimulation (Tracey et al. 2003) , a thermosensory behavior potentially distinct from thermotaxis. Neither late-first instar/early-second instar nor third instar painless mutant larvae (pain 1 and pain 3 ) were defective for thermotaxis in our assay (Fig. 2D,E ). Our data demonstrate that dTrpA1 is absolutely required for proper behavior in the thermal preference assay, providing strong genetic evidence for dTrpA1 involvement in thermotaxis. Furthermore, these data also suggest that the TRPA proteins Painless and dTRPA1 have distinct roles in temperature-regulated behavior.
dTrpA1(RNAi) larvae are selectively defective for thermotactic behavior
We next tested how specific the behavioral defect of dTrpA1(RNAi) animals was for thermotaxis. First, we determined that the motility indices (MIs) of wild-type and dTrpA1(RNAi) larvae in the thermal gradient were indistinguishable. (The MI represents the fraction of larvae no longer in the release zone at a given time point [see Materials and Methods].) Latefirst instar/early-second instar wild-type larvae had MIs of 0.56 ± 0.08 and 0.64 ± 0.08 at 2 and 5 min after release (n = 9 assays, ±SEM), while dTrpA1(RNAi) larvae had MIs of 0.60 ± 0.06 and 0.69 ± 0.04 at these time points (n = 11 assays). Thus dTrpA1(RNAi) animals were specifically defective in thermotaxis rather than in their ability to migrate at elevated temperature. Second, we examined larval chemotaxis in response to an olfactory repellent (n-octyl acetate) (Heimbeck et al. 1999) , and found dTrpA1(RNAi) larvae responded similarly to wild type ( Fig. 3A) , indicating that dTrpA1(RNAi) larvae were not defective for all avoidance behavior. Finally, we examined responsiveness of dTrpA1(RNAi) (Liu et al. 2003) as indicated. Graph depicts behavior of uninjected wild-type (elav-Gal4;UAS-mCD8:GFP) late-first instar/early-second instar larvae (n = 9 assays). (C) Still images from thermal preference assay of uninjected wild-type larvae. Red dotted lines demarcate the release zone, with heated zone at left and unheated zone at right. In all figures, data are mean ± SEM. More than 39 larvae/assay. larvae to higher temperatures (55°C). Because larvae rapidly died when exposed to gradients of higher temperature (data not shown), larvae were tested by using a previously described temperature-dependent nociceptive assay (Tracey et al. 2003) . Crawling third instar larvae rapidly and dramatically curl when touched with a hot (55°C) probe (Fig. 3B) but not when touched with a 25°C or 36°C probe. dTrpA1(RNAi) larvae responded indistinguishably from wild-type larvae in this assay (Fig. 3B,C) . As a negative control for the assay, we examined larvae expressing tetanus toxin light chain (TeTxLC), an inhibitor of synaptic vesicle release (Sweeney et al. 1995) , under md-Gal4 (Gao et al. 1999 ) control (md-Gal4 is expressed in multiple-dendritic neurons and ∼100 CNS neurons) (Tracey et al. 2003) . As previously reported (Tracey et al. 2003) , md-Gal4:UAS-TeTxLC larvae were defective in response to contact with the hot probe (Fig.  3C ). The ability of dTrpA1(RNAi) larvae to chemotax and respond to other thermal stimuli suggests a specific requirement for dTrpA1 in thermotaxis.
dTRPA1 expression and the role of dTrpA1-Gal4-expressing cells in thermosensation
Antisera raised against dTRPA1 detected strong dTRPA1 protein expression in a small number of central brain neurons (Fig. 4A,B ) and in neuroendocrine cells of the corpus cardiacum (Fig. 4A) . dTrpA1(RNAi) larvae had no detectable dTRPA1 expression in these regions, demonstrating that our antisera was specific for dTRPA1 and that the dTrpA1 dsRNA effectively reduced dTRPA1 protein expression (Fig. 4C) . Specific dTRPA1 expression was also detected in two pairs of cells adjacent to the mouthhooks and in the developing gut (data not shown). Interestingly, we did not detect dTRPA1 expression in either multiple-dendritic neurons (implicated in temperature-dependent nociceptive responses) (Tracey et al. 2003) or chordotonal neurons, both of which show temperature-dependent calcium changes (Liu et al. 2003) . We explored the role of multiple-dendritic neurons using md-Gal4:UAS-TeTxLC larvae. Consistent with no significant role of multiple-dendritic neurons in our thermotaxis assay, significant thermotaxis defects were not detected in md-Gal4:UAS-TeTxLC larvae (Fig. 2E) . In addition, significant thermotaxis defects were not detected in atonal(RNAi) larvae, which lack chordotonal neurons ( Fig. 2D ; Huang et al. 2000 ; see Materials and Methods). These data suggest that there may be differences in the neuronal circuitry required for thermotaxis in response to elevated temperature and withdrawal from a hightemperature nociceptive stimulus. The role of dTRPA1-expressing cells in thermotaxis was further examined by expressing TeTxLC or the cell death-promoting gene Hid under control of putative dTrpA1 promoter sequences. dTrpA1-Gal4 drove GFP expression in most dTRPA1-expressing central brain neurons (Fig. 4D-F) , but not in the other dTRPA1-expressing cell populations (data not shown). dTrpA1-Gal4:UAS-Hid animals had reduced numbers of dTRPA1-expressing brain neurons (e.g., only one of the three dTPRA1-expressing cells in Fig. 4D-F was present) , while the corpus caridiaca appeared unaffected (see Materials and Methods). Consistent with the participation of dTrpA1-Gal4-expressing cells in thermosensory be- Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genesdev.cshlp.org Downloaded from havior, dTrpA1-Gal4:UAS-Hid as well as dTrpA1-Gal4:UAS-TeTxLC third instar larvae were partially, but significantly (p < 0.005), compromised in thermotactic behavior (Fig. 4G) .
Interestingly, both dTrpA1-Gal4:UAS-TeTxLC and dTrpA1-Gal4:UAS-Hid larvae exhibited normal withdrawal from a high-temperature nociceptive stimulus (Fig. 4H) , indicating that these animals were not defective for all thermosensory responses. Similar effects were also obtained using a second, independent dTrpA1-Gal4 insertion (data not shown). These data further support the notion that there may be differences in the neuronal circuitry required for thermotaxis and high-temperature nociception.
dTRPA1 is an essential regulator of thermotaxis
The ability to move toward favorable environmental temperatures and away from unfavorable environmental temperatures is critical for animal survival. While thermotactic behavior has been observed in many animals, the underlying thermal sensors have not been identified. Here we have used the heat-avoidance response of Drosophila larvae to identify dTrpA1 as a key mediator of thermotaxis. The failure of animals lacking dTRPA1 expression to avoid elevated temperatures mirrors the ability of dTRPA1 to function as a heat-activated ion channel in vitro. Taken together, these data make dTRPA1 an attractive candidate for an environmental temperature sensor controlling thermotaxis. It will be of interest to explore how the temperature-sensing properties of dTRPA1 observed in cultured cells relate to the physiological and behavioral responses of the intact animal. As closely related dTRPA1 orthologs are present in the Drosophila pseudoobscura, Bombyx morii, and Anopheles gambiae genomes, as well as the C. elegans genome, TRPA1s could regulate thermotaxis in other insects as well as in C. elegans.
Thermotaxis and high-temperature nociception involve distinct mechanisms
Another Drosophila TRPA protein, Painless, also modulates thermosensory behavior (Tracey et al. 2003) . However, dTRPA1 and Painless appear to have distinct thermosensory functions. While painless mutant larvae are strongly defective in responding to noxious high-temperature mechanical stimulation (Tracey et al. 2003) , painless mutants are normal in our thermotaxis assays. Further emphasizing the apparent differences between these different thermosensory behaviors, inhibition of the md-Gal4-expressing neurons disrupts responses to noxious high-temperature mechanical stimulation but has no significant effect on thermotaxis, while inhibition of dTrpA1-Gal4 cells has the opposite effect. Thus the migration of larvae away from moderately elevated temperatures (thermotaxis) and the high-temperature nociceptive response appear to rely upon distinct TRPAfamily members and potentially distinct neural circuits. (n = 24); md-Gal4 (n = 23); UAS-TeTxLC (n = 30); md-Gal4:UASTeTxLC (n = 23). Most larvae not responding within 3 sec never exhibited detectable curling.
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Determining the neuronal circuitry required for dTrpA1-dependent thermotaxis is an important goal for the future. Our dTrpA1-Gal4-mediated inhibition and ablation studies are consistent with a role for dTRPA1-expressing CNS neurons in dTrpA1-dependent thermotaxis. CNS thermal sensors have been proposed within the head and thoracic ganglia of adult bees and cockroaches (Heinrich 1980 (Heinrich , 1993 Murphy and Heath 1983) and are found in the vertebrate preoptic-anterior hypothalamus (Boulant 2000) . As small insects (Drosophila larvae are <5 mg) have limited heat capacity (Stevenson 1985; Heinrich 1993) , internal sensors of elevated temperature could be quite effective. Most importantly, identification of dTRPA1-expressing cells provides an entry point into defining the neuronal circuitry controlling thermotaxis in flies. It will be of interest to determine how dTRPA1-expressing cells participate in the sensation of environmental temperature, either as primary thermosensory cells or as higher-order neurons involved in processing thermosensory input.
dTRPA1 could have functions in addition to thermotaxis. The strong expression of dTRPA1 in the corpus cardiacum is intriguing as this neuroendocrine gland is involved in temperature-dependent developmental phenomena in some insects, including seasonal polyphenism in butterfly wings, where corpus cardiacum ablation prevents establishment of the summer wing pattern (Fukuda and Endo 1966) . Furthermore, vertebrate TRPA1 has been proposed as a candidate mechanotransduction channel for hearing (Corey et al. 2004) . Whether dTRPA1 responds to mechanical stimulation is unknown, but future analysis of dTRPA1 function in flies could potentially yield insights into mechanosensation as well as thermosensation.
Materials and methods
Molecular genetics and RNAi
Fly strains were obtained from Bloomington, except for painless 1 and painless 3 from the EP collection (Exelixis) (Rorth et al. 1998) , md-Gal4 (Gao et al. 1999 ) from Y. Jan (University of California, San Francisco, San Francisco, CA), UAS-TeTxLC (UAS-TNT-C) (Sweeney et al. 1995) from Troy Littleton (Massachusetts Institute of Technology, Cambridge, MA), and UAS-Hid(#14) from Hermann Steller (Rockefeller University, New York, NY). RNAi was performed as described (Sears et al. 2003) , except the concentration of each dsRNA in injection mixtures was from 1.3 mg/mL for mixtures of five dsRNAs up to 5 mg/mL for mixtures of two dsRNAs. Injections were into elav-Gal4;UAS-mCD8:GFP animals, and Gal4 dsRNA was included in each injection mix. Thirteen to 24 h after injection, animals with unaltered ( Fig. 2A, open circle) or partially diminished GFP expression ( Fig. 2A , closed circle) were eliminated (they comprised ∼2%-3% and <20% of total injected animals, respectively). Animals lacking GFP expression were grown on molasses plates at 25°C. On day 3 (injected day 0), late-first/early-second instar larvae (approximately the size of 48-h-old uninjected elav-Gal4;UAS-mCD8:GFP larvae) were used in analyses. Following the assay, larvae were allowed to recover on molasses plates overnight at 25°C; larvae significantly larger than ∼48-h elav-Gal4;UAS-mCD8:GFP larvae were removed and the rest assayed once more. Larvae were then allowed to develop to third instar for further analysis. dTrpA1 dsRNAs corresponded to bases 1241-1787 (region 1) and 2872-3605 (region 2) of dTRPA1 cDNA (AY302598) . Details of all dsRNAs are provided in the Supplemental Material. Chordotonal neuron loss in atonal(RNAi) larvae was confirmed by examining elav-Gal4;UAS-mCD8:GFP in animals injected with only Atonal dsRNA. dTrpA1-Gal4 was created by cloning 33-1301 bp upstream of the dTRPA1 translational start into pGATB (Brand and Perrimon 1993) . dTrpA1-Gal4:UAS-mCD8:GFP expression in both lines used did not overlap with dTrpA1 protein expression in the larval anterior, gut, or corpus cardiaca. Both dTrpA1-Gal4 lines drove expression in small but nonoverlapping populations of peripheral neurons.
Antibody production and histology
Rat polyclonal dTRPA1 antiserum was raised (Covance) against the 178 C-terminal amino acids of dTrpA1 fused to 6XHis. dTRPA1 staining of neurons in larval brain and corpus cardiacum was initially detected at first instar and persisted until third instar. Expression of a dTrpA1 cDNA in the retina resulted in robust ectopic staining and permitted detection of dTRPA1 protein by Western blot (Supplementary Fig. 1 ). Images were obtained using a Nikon PCM2000 confocal microscope and Zeiss Axioplan2 with Nikon DXM1200 camera.
Behavioral assays
Thermal gradient assay was similar in design to that of Liu et al. (2003) , but with different temperatures. Thermal gradient assay was performed on 2% agarose (25 mL) in a 150 × 15 mm Petri dish (VWR 25384-139) placed so that the release zone was at the interface of two metal slide warmers (one heated to ∼47°C, one unheated) 4 mm apart. Agarose surface was allowed to equilibrate for Ն50 min prior to each assay (with dish lid in place). Surface temperatures were determined using a Fluke 52II thermometer with dual K-type flat surface probes. Larvae were washed in distilled water and lined up in the release zone with a paint brush. Plate was immediately covered with a lid (t = 0). Larvae were raised on molasses plates or in bottles and vials with food. Larvae expressing TeTxLC or Hid were examined at third instar to permit maximum TeTxLC or Hid accumulation. Hid ablation of dTRPA1 cells was quantified using the three large dTRPA1-expressing CNS neurons bracketed in Figure 4 . Three cells were observed in all 10 dTrpA1-Gal4:UAS-GFP hemispheres and all eight UAS-Hid hemispheres examined, while one cell was observed in all 20 dTrpA1-Gal4:UAS-Hid hemispheres examined. The MI represented the fraction of larvae no longer in the release zone at a given time point. MI = (number of larvae in cooler zone + number of larvae in warmer zone)/(total number of larvae). All statistical comparisons used two-tailed unpaired t-test versus uninjected.
Animals expressing active toxins exhibited modest reductions in MI. MI of third instar dTrpA1-Gal4;UAS-TeTxLC larvae were 0.57 ± 0.04 and 0.69 ± 0.03 at 2 and 5 min (n = 10 assays) and those of dTrpA1-Gal4:UASHid larvae were 0.70 ± 0.05 and 0.78 ± 0.04 (n = 10), while those of wildtype larvae were 0.86 ± 0.03 and 0.89 ± 0.02 (n = 10). However, the value of the MI did not correlate with thermotaxis defects, suggesting the reduced MI is not the source of the thermotaxis defect. dTrpA1-Gal4:UASHid animals had a higher MI than did dTrpA1-Gal4:UAS-TeTxLC animals, but were more defective for thermotaxis. Furthermore, the dTrpA1-Gal4:UAS-Hid MI was not significantly different from that of md-Gal4:UAS-TeTxLC (0.75 ± 0.05 and 0.85 ± 0.03; n = 12), but thermotaxis in dTrpA1-Gal4:UAS-Hid was substantially reduced compared with that in md-Gal4:UAS-TeTxLC (p < 0.002). In addition, third instar dTrpA1-Gal4 and dTrpA1-Gal4:UAS-Hid larvae performed indistinguishably for chemotaxis, with n-octyl acetate AIs of 0.67 ± 0.07 and 0.66 ± 0.09, respectively (n = 6 assays for each, 60-min time point), suggesting a specific defect in thermotaxis.
Probe assay was performed using a Sears Craftsman Soldering Iron (113.540410) controlled by a Statco Variac (3P1V221B). Probe temperature was monitored with Physitemp BAT-12 thermometer equipped with K-type flat surface probe and varied between 55°C and 57°C during assays. The Supplementary Movies were made with a Sony TRV38 and edited with Apple iMovie. Odor avoidance assays were performed as described (Heimbeck et al. 1999) , except 2.5 µL of undiluted n-octyl acetate (Sigma) was presented in microcentrifuge tube cap opposite an empty cap, and late-first/early-second instar larvae were assayed for uninjected and dTrpA1(RNAi).
